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Abstract 


This  paper  presents  an  analysis  of  recently  reported  experimental  data  on  penetration  of  semi- 
infinite  ceramic  and  metal  targets  by  long  rods  at  relatively  high  velocity  (up  to  4,500  m/s).  Data 
examined  were  for  pure  tungsten  rods  having  length-to-diameter  ratios  of  15  and  20.  The  reds 
were  impacted  by  confined  aluminum  nitride  (AIN),  alumina  (AI2O3),  and  a  metal  target  of 
aluminum  in  reverse  ballistic  tests.  Penetration  rates  were  reported  to  be  essentially  constant 
throughout  the  penetration  process  at  all  impact  velocities  considered.  Further,  depths  of 
penetration  characterized  as  “primary  penetration”  agreed  with  expected  levels  based  on 
measured  penetration  rates  and  rod  erosion  rates.  However,  above  an  impact  velocity  of  about 
2,000  m/s,  considerably  more  penetration  was  observed  in  AIN  and  aluminum  targets,  hi  this 
effort,  established  techniques  were  used  to  treat  penetration  into  semi-infinite  ceramic,  to  include 
the  high  initial  strength  of  the  ceramic  and  its  degradation,  in  time,  through  time-dependent 
damage  mechanisms.  The  model  results  agreed  with  reported  primary  penetrations  for  AIN  and 
aluminum  targets.  Further,  additional  “secondary  penetration”  by  the  rod  erosion  products  at 
these  high  impact  velocities  was  explored.  This  report  includes  detailed  descriptions  of  the 
analysis  and  some  physical  interpretations  for  the  observations.  This  research  was  based  on  U.S. 
Government-sponsored  work  and  open  literature  sources. 
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1.  INTRODUCTION 


Depth-of-penetration  (DOP)  tests  are  often  used  to  evaluate  candidate  ceramic  materials  as 
armor  materials  and  to  study  efficiencies  of  long-rod  penetrators  against  those  types  of  targets. 
Such  targets  can  consist  of  semi-infinite  ceramic  or  configurations  of  layered  ceramic  backed  by 
semi-infinite  steel.  For  semi-infinite  ceramic,  no  backing  material  is  required,  since  the  ceramic 
thickness  is  chosen  to  exceed  the  penetration  ability  of  the  rod.  DOP  test  results  for  the  layered 
targets  using  a  rod  impact  velocity  of  1,500  m/s  have  been  obtained  by  Woosley,  Mariano,  and 
Kokidko  [1]  for  aluminum  oxide  (AI2O3),  aluminum  nitride  (AIN),  and  titanium  diboride  (TiB2), 
while  Rupert  and  Grace  [2]  also  investigated  TiB2.  Data  for  higher  velocity  impacts  to  3,037  m/s 
using  high-density  rods  vs.  AI2O3  have  been  reported  by  Hohler,  Stilp,  and  Weber  [3].  Orphal  et 
al.  [4]  and  Subramanian  and  Bless  [5]  reported  systematic  sets  of  penetration  data  for  semi¬ 
infinite  ceramic  targets  of  AIN  and  AI2O3  for  impact  velocities  up  to  4,500  m/s. 

While  there  is  a  growing  DOP  database,  the  multilayered  targets  present  complications  in 
analysis  since  multiple  interfaces  of  different  materials  and  shock  (pressure)  reflections  at 
interfaces  need  to  be  taken  into  account.  It  is  of  interest  to  examine  penetration  processes  in  the 
more  ideal  semi-infinite  ceramic  to  explore  time-dependent  damage  mechanisms  more  fully, 
particularly  in  the  context  of  a  penetration  model,  and  assess  strength  effects  and  damage  growth- 
rate  coefficients,  for  example.  The  purpose  of  the  present  effort  is  to  analyze  the  experimental 
results  of  Orphal  et  al.  [4]  and  Subramanian  and  Bless  [5]  to  develop  an  analysis  describing 
penetration  into  ceramic  targets  throughout  a  wide  range  of  impact  velocities. 

The  approach  utilizes  the  analyses  of  Grace  [6,7]  for  basic  penetration  and  Grace  and 
Rupert  [8]  for  penetration  into  ceramics.  In  the  cited  work,  the  authors  included  a  time- 
dependent  damage  mechanism  for  the  ceramic  response  to  ballistic  impact  and  calculated  DOP 
test  results  for  AI2O3  at  1,500  m/s.  Within  the  penetration  analysis,  models  of  Curran  et  al.  [9] 
and  Cortez  et  al.  [10]  were  used  to  describe  both  initial  intact  and  fully  damaged  (comminuted) 
states  of  ceramic  materials.  Implementation  into  the  penetration  model  provided  a  conditionally 
determined  local  strength  for  ceramic  material  as  penetration  proceeds  into  the  target. 
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Progression  of  damage  within  the  stressed  material  under  rod  impact  [8]  was  considered  to  occur 
within  "process  zones"  as  defined  by  Pabst,  Steeb,  and  Claussen  [11].  For  purposes  of 
penetration  modeling,  damage  zones  are  defined  to  extend  from  the  penetrator  nose  to  a  forward 
boundary  of  crack  fronts.  Propagation  rates  for  crack  fronts  were  taken  to  be  close  to  the 
Rayleigh  surface  wave  velocity  as  suggested  by  McClintock  and  Argon  [12].  Propagation  of 
process  zones  and  resulting  material  degradation  as  modeled  [8],  in  a  simplified  way,  were 
consistent  with  the  highly  structured  wave  code  computer  calculations  of  Curran  et  al.  [9].  The 
essentials  of  this  report  are  to  be  published  in  the  open  literature  (Grace  and  Rupert  [13]). 

2.  STATEMENT  OF  THE  PROBLEM 

There  were  three  essential  results  reported  by  Orphal  et  al.  [4]  with  regard  to  penetration  into 
semi-infinite  ceramic  material  of  AIN  by  a  pure  tungsten  rod.  The  first  result  is  that  penetration 
rates  were  measured  by  flash  x-rays  to  be  essentially  constant  throughout  the  penetration  process 
and  significantly  below  rates  for  hydrodynamic  penetration.  This  result  was  also  reported  by 
Subramanian  and  Bless  [5]  for  similar  rods  against  semi-infinite  AljOj  targets.  A  typical  result  is 
shown  in  Figure  1 .  Lower  penetration  rates  cannot  be  rationalized  on  the  basis  of  density 
changes  in  the  ceramic,  since  there  is  no  evidence  that  its  density  could  increase  at  any 
reasonable  distance  from  the  rod-target  interface.  Thus,  it  is  assumed  that  lower  penetration 
velocities  are  due  to  ceramic  strength.  The  constant  penetration  rate  being  lower  rules  out 
hydrodynamic  penetration,  even  though  constant  velocity  penetration  is  one  of  its  characteristics. 
Further,  the  theory  of  rod  penetration  indicates  that  penetration  into  metals  of  relatively  high 
strength,  for  example,  is  a  nonsteady  process  and  the  penetration  rate  is  reduced  in  time,  since  the 
metal  target  maintains  a  constant  strength.  Thus,  a  preliminary  conclusion  is  that  penetration  into 
ceramic  is  characterized  by  a  process  whereby  strength  is  reduced  in  time  and,  consequently,  with 
distance  into  the  ceramic. 
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Figure  1.  Penetration  rates  for  aluminum  nitride  [41. 

The  second  result  of  Orphal  et  al.  [4],  also  supported  by  Subramanian  and  Bless  [5], 
is  that  expected  penetration  depths  into  semi-infinite  ceramic  can  be  determined  from  measured 
penetration  rates  and  rod  erosion  (consumption)  rates.  This  contribution  was  characterized  as 
"primary  penetration"  and  was  facilitated  by  the  penetration  rate  being  constant.  In  both  cases,  a 
direct  measurement  of  total  penetration  indicated  that  primary  penetration  represents  the  total 
through  a  velocity  range  up  to  2,000  m/s. 

The  third  result  of  Orphal  et  al.  [4]  is  that  total  penetration  depths  into  ceramic  for  pure 
tungsten  rod- AIN  target  combinations  can  exceed  the  primary  penetration,  and  this  occurs  only 
above  an  impact  velocity  of  2,000  m/s.  This  additional  penetration  also  appears  in  the  work  of 
Orphal  [14]  for  pure  tungsten  rods  penetrating  silicon  carbide  (SiC)  and  boron  carbide  (B4C). 

The  total  penetration  was  found  to  increase  with  impact  velocity  and  to  exceed  primary 
penetration  by  as  much  as  30%.  Beyond  4,000  m/s,  total  penetration  exceeded  the  hydrodynamic 
limit.  In  contrast,  Subramanian  and  Bless  [5]  found  that  any  additional  penetration  beyond  the 
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primary  had  to  be  small  in  the  AI2O3  target,  although  in  their  work,  the  maximum  impact  velocity 
used  was  not  as  high  (3,400  m/s). 

Initial  calculations  conducted  in  the  current  work,  which  included  a  time-dependent  strength 
loss  mechanism,  produced  a  near  constant  penetration  velocity  close  to  measured  values  and  also 
gave  results  in  agreement  with  primary  penetrations  for  AIN  targets.  Further,  an  analysis  of 
similar  data  provided  by  Subramanian  et  al.  [15]  for  pure  tungsten  rods  impacted  by  metal  targets 
of  aluminum  also  gave  results  consistent  with  primary  penetration.  Thus,  it  was  concluded  that 
the  additional  penetration  could  not  be  explained  only  by  a  loss  of  ceramic  strength  during  the 
penetration  process.  As  a  result,  the  following  mechanisms  were  examined  to  explain  the 
additional  penetration: 

.  •  Rigid-body  penetration:  In  general,  rigid-body  penetration  is  not  observed  at  the  end  of 

eroding-body  penetration  in  targets  of  high  strength  at  impacts  above  2,000  m/s,  since  the 
penetrator  has  been  reduced  in  length,  mass,  and  velocity  to  a  large  extent.  For  ceramics  whose 
strength  has  been  degraded  substantially,  as  in  the  present  case,  rigid-body  penetration  is  still  not 
likely,  since  the  magnitude  of  primary  penetration  can  only  be  obtained  by  nearly  total  rod 
consumption.  Further,  rigid-body  penetration  is  dominated  by  penetrator  mass  and  thus  should  be 
greatest  at  low-impact  velocity,  where  unconsumed  portions  of  the  rod  are  the  largest.  Rod  mass 
would  decrease  with  increased  impact  velocity.  TTie  present  eroding-body  penetration 
calculations  show  that  far  too  little  residual  penetrator  mass  remains  for  impacts  above  2,000  m/s 
to  provide  any  substantial  contribution  to  penetration.  Thus,  rigid-body  penetration  is  unlikely  to 
be  responsible  for  additional  penetration  in  the  ceramic  material. 

•  Cavity  expansion  due  to  afterflow:  The  energetics  of  the  afterflow  can  create  an  apparent 
additional  amount  of  "penetration"  depth.  When  the  effect  produces  a  near-spherical  cavity,  its 
radius  depends  upon  the  cube  root  of  the  energy  required  to  form  the  cavity.  Further,  energy 
available  for  cavity  expansion  is  likely  to  be  proportional  to  the  square  of  the  impact  velocity  so 
that  the  cavity  radius  should  depend  upon  impact  velocity  raised  to  the  two-thirds  power.  In 
order  for  additional  penetration  due  to  cavity  expansion  not  to  be  seen  below  2,000  m/s,  there 
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might  have  to  be  some  critical  threshold  energy  below  which  no  expansion  could  take  place.  If 
the  previous  conditions  were  in  place,  then  cavity  expansion  could  follow  the  trend  of  the 
additional  penetration.  Orphal  et  al.  [14]  discusses  this  possibility. 

•  Penetration  by  rod  erosion  products:  The  combination  of  a  high-density  rod  and  low- 
density  target  material  produces  rod  erosion  products  that  can  flow  forward  into  the  target, 
especially  at  high  impact  velocity.  Preliminary  estimates  suggest  that  the  flow  switches  from 
rearward  (net  flow  out  of  the  target)  to  forward  flow  at  an  impact  velocity  of  about  850  m/s. 

Still,  the  forward  velocity  would  be  insufficiently  high  to  produce  penetration  into  the  ceramic 
until  the  rod  impact  velocity  reaches  about  2,000  m/s.  The  calculations  further  show  that  the 
distribution  of  forward  velocities  within  the  erosion  products  is  such  that  a  slight  length 
contraction  takes  place.  While  the  integrity  of  erosion  products  in  terms  of  a  viable  penetrator 
can  be  questioned,  there  have  been  reports  by  Gerlach  [16]  and  Magness  [17]  that  intact  tubes  can 
be  formed  from  rod  erosion  products  for  stable  materials,  such  as  pure  tungsten  and  a  tungsten- 
tantalum  alloy.  If  so,  the  penetrator  formed  by  the  erosion  products  could  produce  additional 
penetration  that  increases  monotonically  with  impact  velocity  until  it  approaches  its  own 
penetration  limit.  The  present  work  addresses  this  possibility. 

The  main  focus  of  this  analysis  is  to  address  primary  penetration  using  the  basic  theory 
together  with  some  approximations  to  model  overall  responses  of  ceramics.  The  possibility  of 
additional  secondary  penetration  by  rod  erosion  products  is  also  considered  under  ideal 
conditions. 

3.  ANALYSIS  FOR  PRIMARY  PENETRATION 

The  penetration  integral  of  Grace  [6]  for  semi-infinite  penetration  is  used  as  a  starting  point  in 
the  analysis.  The  theory  treats  an  eroding  and  decelerating  rod  during  impact  with  a  plastically 
flowing  target  of  semi-infinite  thickness.  Figure  2  describes  the  configuration  of  impact,  wherein 
velocities  of  the  rod,  target  material,  and  rod  erosion  products  are  defined  relative  to  the 
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Figure  2.  Rod/targgt  impact  conditions  presented  in  the  moving  and  laboratory  reference  frames. 

rod-target  interface  which  moves  at  a  velocity  u  with  respect  to  the  laboratory  reference  system. 
Initial  conditions  are  rod  length  {q.  density  Pp,  rod  striking  velocity  Vj  in  the  laboratory  frame,  rod 
strength  Sp,  target  density  Pj,  and  target  strength  Sj.  The  integral  for  DOP  into  a  semi-infinite 
target  is 


r  u(0 
J  v(C)  -  u(«) 


(1) 


which  differs  from  hydrodynamic  penetration,  since  velocities  for  the  rod  tail  v  and  penetration 
rate  u  are  not  constant  but  are  functions  of  rod  current  length  C.  Solutions  to  the  integral  depend 
upon  specific  forms  for  rod  velocity  v(0,  interface  velocity  u(f),  and  initial  penetration  rate  u^. 
When  the  interface  velocity  does  not  vary  much,  as  in  quasi-steady  processes,  the  difference 
between  rod  and  interface  velocities  is 


v({)  -  u(0  =  (v^-  uj  1 


2S. 


Ppl''.  -  "of 


In 


(2) 
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For  the  case  where  the  interface  velocity  is  constant,  u({)  =  Uq,  equation  (2)  is  an  exact  solution 
for  Tate’s  rod  deceleration  [18],  as  derived  by  Grace  [7],  relative  to  a  coordinate  system  moving 
with  velocity  Uq.  Equation  (2)  indicates  that  the  velocity  of  the  rod  tail  v(0  will  approach  a 
constant  value  at  high  impact  velocity.  The  u(0  equation  also  allows  for  a  nearly  constant 
interface  velocity  at  high  impact  velocity  (through  a  consequent  high  value  of  Uq)  and  is 


u(0 


2S. 

1  +  - 5-  In 

P,Uo 


V 


(3) 


The  initial  penetration  rate  Uq  is  below  the  hydrodynamic  value  because  of  target  strength 
primarily  and  has  been  given  as 


u 


0 


f(Vs) 
1  +  Y 


2S, 

—  -  Ag(v^) 
Pn 


(4) 


where  y  is  the  square  root  of  the  density  ratio  Pj/Pp  and  the  hydrodynamic  penetration  rate 
Uh  =  Vj  /(I  +  y)-  Also,  f(Vs)  and  g(Vs)  are  functions  which  allow  strength  effects  to  diminish  to 
zero  as  the  impact  velocity  approaches  the  sound  speed  of  the  target  material  Cq,  and  A  =  1.1  y 
[6].  Solutions  for  the  penetration  depth  of  equation  (1)  are  obtained  numerically  using  equations 
(2)  and  (3)  with  rod  length  as  the  independent  variable,  while  equation  (4)  determines  Uq.  From 
equation  (2),  the  maximum  rod  consumption  and  resulting  minimum  rod  length  (final  rod  length 
{j)  is  determined  when  v  -  u  =  0  as 


K  =  ^0 


(5) 


which  shows  that  the  residual  rod  has  little  length  under  the  high  rod  impact  velocities 
considered  in  this  work.  Further,  dynamics  of  rod  motion  given  by  equation  (2)  show  that,  at 
high  impact  velocity,  rod  velocity  is  not  expected  to  be  reduced  much  until  the  very  end  of  the 
penetration  process.  Thus,  the  approach  used  by  previous  investigators  [4,5,14,15],  based  on  a 
constant  rod  consumption  rate  to  determine  primary  penetration,  is  a  reasonable  approximation  to 
the  rod  deceleration  process  described  previously  at  high  impact  velocity. 
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Penetration  calculations  depend  upon  strengths  and  densities  of  rod  and  target  materials,  as 
indicated.  For  metals,  nominal  values  that  reflect  dynamic  strengths  and/or  work-hardened  states 
have  been  used  with  success  [6,7].  In  contrast,  strength  of  ceramic  materials,  as  noted  by  Curran 
et  al.  [9]  and  Cortez  et  al.  [10],  depends  upon  the  amount  of  damage  within  the  material.  The 
current  view  is  that  the  ceramic  can  be  characterized  by  two  states  (i.e.,  intact  and  fully 
comminuted).  Further,  the  strength  Xj  of  intact  ceramic  and  the  strength  x^,  of  the  comminuted 
ceramic  (due  to  friction)  increase  linearly  with  hydrostatic  stress,  respectively,  according  to 

Xj  =  Xp  +  bo,  x^  =  po,  (6) 

where  Xq  is  an  ambient  strength,  b  is  a  strengthening  coefficient,  and  p  is  the  coefficient  of 
friction.  Cortez  et  al.  [10]  explored  the  use  of  a  damage  fraction  r|  to  express  the  strength  x  of 
partially  damaged  ceramic  in  terms  of  the  two  end  states  as 

X  =  (1  -  ri)  Xj  +  Tix^.  (7) 

Grace  and  Rupert  [8]  developed  a  model  to  define  the  stress-time  history  during  penetration  by 
considering  propagation  of  crack  fronts  (process  zones)  within  the  ceramic.  Depicted  in  Figure  3 
are  two  process  zones,  (a)  and  (b),  of  the  earlier  work.  The  physical  model  considers  rod  impact 
with  the  target  front  surface  from  which  several  wave  fronts  are  propagated  into  the  material. 
Process  zone  (a)  is  a  manifestation  of  a  subsequent  shear  wave  that  defines  a  region  of  crazing. 
Pabst,  Steeb,  and  Claussen  [11]  define  this  process  zone  as  a  region  of  crack  nucleation  and 
subcritical,  discontinuous  crack  extension.  Crack  fronts  propagate  at  a  rate  related  to  the 
Rayleigh  surface  wave  velocity  [12].  Process  zone  (b)  results  from  a  very  highly  pressurized 
region  of  flow  stagnation  at  the  penefrator-target  interface.  The  thickness  of  process  zone  (b)  is 
taken  to  remain  constant  during  penetration  and  to  be  on  the  order  of  a  penetrator  diameter  d. 
Thus,  the  high-pressure  region  associated  with  zone  (b)  was  defined  to  travel  at  the  penetration 
rate  u({). 
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Figure  3.  Definition  of  process  zones  used  to  describe  damage  regions  behind  ( the 

propagating  crack  front  boundary  and  fb')  the  high  stress  area  directly  in  front  of  the 
penetrator. 


Both  process  zones  initiate  simultaneously  at  the  target  front  surface  upon  impact  by  the 
penetrator.  The  damage  evolution,  in  terms  of  a  rate  at  which  the  damage  fraction  evolves 
toward  complete  damage,  was  applied  separately  to  each  zone  by  Grace  and  Rupert  [8]  so  that 


K  -  =  Kb 


(8) 


where  motivation  for  evolution  develops  from  an  applied  hydrostatic  stress  above  some  initial 
level  Oq  required  for  the  onset  of  fracture  in  zone  (a)  and  the  Bernoulli  stress  history  a  -  o(t) 
associated  with  zone  (b).  In  equation  (8),  and  and  and  q^,  are  the  initial  and 
subsequent  time  rates  of  change  in  the  damage  fraction  in  each  zone,  respectively,  and  t  is  time. 
The  time  available  for  each  process  zone  to  act  on  a  point  P  depends  on  the  time  it  takes  for  the 
rod-target  interface  to  reach  that  point  within  the  ceramic.  By  integrating  the  functions  of 
equation  (8)  over  time,  and  adding  them,  an  expression  for  the  cumulative  damage  is 


11  = 


P  -  d  _ 
u(f)  w^ 


1  h^dp,u(f). 


(9) 
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The  damage  functions  of  equation  (9)  combine  with  equation  (7)  to  describe  the  shear  strength 
and  extent  of  damage  within  ceramic  material.  Maximum  and  minimum  shear  strengths  possible 
for  ceramics,  based  on  the  Griffith  brittle  fracture  criterion  [19],  are  Tq  =  ±  )/3  ,  where  Ouj, 

is  either  the  ultimate  strength  of  compression  (maximum)  or  tension  (minimum).  When  the 
damage  fraction  reaches  a  value  of  one,  the  material  is  fully  comminuted.  At  that  point,  the 
normal  stress  responsible  for  friction  is  taken  to  be  the  Bernoulli  pressure  arising  from  target 
flow  u(f)  so  that  target  resistance  to  penetration  is 

S  =  R  +  ^pp,u(^)^  (10) 

where  R  is  a  small  minimum  resistance  of  the  comminuted  material.  Substituting  equation  (10) 
into  equation  (3)  for  S,  provides  an  approximate  expression  for  u(f)  for  fully  comminuted 
ceramic  material.  Expanding  that  expression,  neglecting  R  at  high  velocity,  and  retaining  the 
first  two  terms  lead  to 


u(f)  =  Up 

1  +  p  In 

f} 

2 

(11) 

^o) 

. 

Equation  (11)  suggests  that  penetration  rate  in  comminuted  material  may  be  controlled  primarily 
by  target  resistance  arising  from  friction.  For  lower  ranges  of  high  impact  velocities  considered 
here,  p  <  (2S/p,)/uo^.  Thus,  equation  (11)  produces  a  lower  reduction  in  penetration  rate  with  rod 
length  loss  than  does  equation  (3)  and  u({)  now  represents  an  interface  which  more  nearly 
approximates  constant  motion.  However,  at  very  high  velocity,  when  Uq  is  large,  p  >  (2S/p,)/uo^. 
This  latter  condition  implies  that  penetration  rates  into  a  material  with  an  initially  high  strength, 
but  which  transitions  into  granular  material,  may  never  reach  hydrodynamic  rates  since 
u(f)  <  Uq  <  Uh,  always.  Further,  with  lower  penetration  rates  and  consequent  higher  rod 
consumption  rates,  it  is  unlikely  that  penetration  depths  reach  hydrodynamic  levels  before  the  rod 
is  consumed.  It  is  not  clear,  however,  that  the  coefficient  of  friction  for  comminuted  ceramic  can 
be  maintained  at  such  high  pressures.  Certainly,  for  granulated  metals,  it  is  likely  that  melting 
and/or  plastic  flow  of  the  granules  would  reduce  friction  substantially.  In  any  event,  equation 
(10)  defines  S,  in  equation  (4)  as  the  effective  strength  to  be  used  in  the  penetration  analysis.  The 
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damage  fraction  is  computed  continually,  and  S,  is  adjusted  appropriately  during  numerical 
integration  of  equation  (1). 

4.  PENETRATION  BY  ROD  EROSION  PRODUCTS  (REPs) 

The  possible  secondary  penetration  by  REP  is  explored  on  the  basis  of  an  idealized 
penetrator.  It  will  be  assumed  that  the  primary  penetration  process  is  complete  and  that  the  REP 
must  initiate  penetration  again  at  the  bottom  of  the  cavity  with  no  interference  by  any  residual 
rod  mass.  Further,  it  will  be  assumed  that  the  final  state  of  the  target  at  the  end  of  primary 
penetration  will  be  the  initial  condition  for  secondary  penetration  by  REP.  Thus,  REP  will  begin 
penetration  into  previously  damaged  ceramic  material  whose  strength  has  been  estimated.  The 
expressions  of  the  previous  section  are  used  also  for  REP  penetration  calculations.  The  REP  is 
formed  during  the  course  of  primary  penetration  with  length  and  velocity  as  defined  in  Figure  2. 
Accordingly,  REP  velocity  v^  with  respect  to  the  moving  system  and  its  velocity  Vl  in  the 
laboratory  reference  frame,  respectively,  is 

VmCO  =  [v(0  -  U(0],  Vl(0  =  -  v(0  +  2u((!).  (12) 

Since  there  can  be  a  velocity  gradient  in  the  REP  due  to  deceleration  of  the  initial  rod,  a 
momentum-weighted  average  velocity  v^  is  assumed  for  the  initial  REP  velocity.  Thus, 

\  =  E  <^1  Vj(0/E  Ci  .  (13) 

i  i 

where  f;  and  Vi(f)  are  the  increments  of  REP  length  and  velocity  VlC? )  as  determined  during 
numerical  integration  for  primary  penetration.  The  REP’s  length  at  the  end  of  primary 
penetration  is 


Pp- 


(14) 
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where  Pp  is  the  total  depth  of  primary  penetration,  tp  is  the  total  time  of  primary  penetration,  and 
V,  is  the  velocity  of  the  first  REP  element. 

Although  the  REP  is  created  with  near  tubular  form,  it  is  treated  in  the  ideal  case  as  a 
legitimate  rod  of  length  and  velocity  v^  being  able  to  support  eroding-body  penetration  in  the 
same  sense  as  the  initial  rod.  Estimates  of  its  penetration  for  possible  degraded  states  could  be 
implemented  using  the  present  analysis  through  reductions  in  density  and  strength.  Since 
possible  degraded  states  have  not  been  characterized  in  any  quantitative  sense,  the  case 
considered  here  was  full  strength  and  density  of  the  initial  rod  as  an  upperbound  for  the  REP 
material. 

5.  DISCUSSION  OF  CALCULATED  RESULTS 

5.1  Primary  Penetration.  The  previous  models  were  utilized  to  calculate  penetration  of  pure 
tungsten  long-rod  penetrators  into  AIN,  AljOj,  and  aluminum  targets.  The  basic  material 
properties  assumed  for  the  penetrator  and  targets,  as  modeled,  are  provided  in  Table  1 .  Strengths 
shown  for  ceramics  are  values  assigned  to  intact  states. 


Table  1.  Material  Properties  Used  in  the  Calculations 


Material 

Density 

Strength 

Co 

(g/cm^) 

(GPa) 

(m/s) 

2.74 

0.60 

6,300 

AIN 

3.25 

2.80 

10,700 

3.89 

3.23 

10,700  1 

Pure  W 

19.3 

1.10 

1 

Model  coefficients  used  in  the  calculations  for  the  time-dependent  damage  mechanism  are 
listed  here.  These  coefficients  include  ho,  =  5*10'^  Pa‘‘  s  ’  [10],  hob  =  5*10"®  Pa"’  s  ’  [8], 

Oo  =  100  MPa  [10],  a,  =  200  MPa  [10],  Wq  -  6,000  m/s  [12],  b  =  0.10  [10],  and  p  =  0.145  [9]. 
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The  minimum  (cutoff)  stress  was  adjusted  to  R  =  200  MPa  so  that  calculated  primary 
penetrations  matched  the  data  for  AIN.  Nominal  rod  and  target  lengths  associated  with  the  data 
were  15.2  mm  and  50.8  mm,  respectively  [4].  Calculated  damage  fractions  and  penetration  rates 
for  semi-infinite  AIN  targets  at  impact  velocities  of  2,000  and  4,000  m/s  by  rods  of  15.2-mm 
length  are  given  in  Figure  4. 

The  particular  damage  growth  rates  used  cause  the  ceramic  material  to  transition  to  a  fully 
comminuted  state  during  the  first  quarter  of  penetration.  Thus,  target  strength  is  reduced  to  that 
detenmned  by  frictional  forces.  The  cutoff  stress  R  causes  termination  in  the  penetration  rate 
curves.  Also,  rod  velocity  and  penetration  rate  vary  slightly  with  time  over  much  of  the 
penetration.  A  very  rapid  change  takes  place  only  for  a  small  and  negligible  time  at  the  very  end 
of  the  penetration  process.  For  these  particular  calculations,  measured  penetration  rates  taken 
from  Orphal  et  al.  [4]  were  1,050  m/s  and  2,430  m/s,  respectively.  In  the  first  case,  calculations 


o 

< 

cc 

u. 

LU 

O 

< 

< 

Q 


Figure  4.  Calculated  velocity-time  and  damaee  fraction-time  plots  for  AIN  for  initial  rod  impart 
velocities  of  (a)  2.000  m/s  and  tbi  4  000  m/s 
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varied  from  about  1,085  m/s  initially  to  900  m/s  just  before  the  rapid  dropoff.  At  higher  impact 
velocity,  calculated  penetration  rates  were  from  2,550  m/s  initially  to  2,450  m/s. 


In  Figure  5,  primary  penetrations  for  the  AIN  target  are  compared  with  experimental  data 
taken  from  Orphal  et  al.  [4] .  A  good  agreement  can  be  seen  over  the  entire  range  of  impact 
velocity,  which  is  essentially  due  to  strength  reductions  during  penetration.  For  example,  when 
intact  strength  was  used  in  the  calculation  at  2,000  m/s  without  the  damage  function,  the 
calculations  gave  a  P/L  of  only  0.561  as  compared  with  1.25.  Also,  calculations  and  data  suggest 
that  primary  penetration  may  not  increase  much  beyond  an  impact  velocity  of  3,800  m/s. 
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Figure  5.  Calculated  and  experimental  primary  and  total  penetration  in  AIN. 


Results  for  the  AljOj  target  are  shown  in  Figure  6.  Below  an  impact  velocity  of  about 
2,500  m/s,  calculations  for  primary  penetration  are  somewhat  above  the  mean  of  the  penetration 
data,  while  beyond  that  velocity,  the  calculations  arc  somewhat  below  the  mean  penetration.  It 
should  be  noted  that  the  primary  penetrations  of  Subramanian  and  Bless  [5]  were  reported  to  be 
essentially  equal  to  the  measured  total  penetration.  Thus,  experimental  results  for  AIN  and  AljOj 
ceramics  are  qualitatively  different. 
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IMPACT  VELOCITY  (km/s) 

Figure  6.  Calculated  and  experimental  primary  and  total  penetration  in  ALO3. 


Calculated  results  for  the  aluminum  metal  target  are  shown  in  Figure  7.  In  this  case,  the 
penetration  analysis  was  applied,  of  course,  without  the  time-dependent  damage  mechanism.  As 
can  be  seen,  the  penetration  theory  represented  the  experimental  data  for  primary  penetration 
behavior  reasonably  well  across  the  wide  range  of  velocities  considered.  The  penetration  depths 
above  the  hydrodynamic  limit  for  impact  velocities  from  2,500  m/s  to  5,000  m/s  are  the  classic 
result  when  rod  strength  exceeds  that  of  the  target.  This  result  and  previous  results  [6]  for 
tungsten  alloy  and  steel  rods  against  steel  armors  suggest  that  good  engineering  estimates  can  be 
obtained  from  the  penetration  integral  of  equation  (1)  and  the  associated  equations  (2)-(4). 

Calculations  for  primary  penetration  in  AIN  targets,  together  with  similar  experimental  trends 
in  B4C  and  SiC  [14],  suggest  that  the  time-dependent  damage  model  combined  with  the 
penetration  integral  in  equation  (1)  provides  the  general  response  of  ceramic  targets  to  tungsten 
rod  penetrators.  The  reason  for  different  behavior  by  AljOj  ceramic  is  presently  not  known. 
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IMPACT  VELOCITY  (km/s) 

Figure?.  Calculated  and  experimental  primary  and  total  penetration  in  aluminum 


5-2  Penetration  by  Rod  Erosion  Products.  The  additional  penetration  observed  in  Figures  5 
and  7  for  AIN  and  aluminum,  and  that  reported  for  B4C  ^d  SiC  [14],  cannot  be  explained  in 
terms  of  ordinary  penetration  by  the  initial  tungsten  rod.  Secondary  penetration  calculations  for 
the  rod  erosion  products  are  included  also  in  Figures  5  and  7,  where  total  penetration  is  the  sum 
of  primary  and  secondary  calculated  penetration.  In  these  cases,  the  calculations  naturally  give 
rise  to  a  certain  impact  velocity,  where  secondary  penetration  first  can  be  observed.  This 
threshold  condition  appears  at  an  impact  velocity  of  about  1,800  m/s  for  the  AIN  target  and 
2,100  m/s  for  the  aluminum  target.  In  that  regard,  there  is  good  agreement  between  experimental 
data  and  calculated  results.  Further,  calculations  for  total  penetration  show  a  ne^-linear 
penetration  response  in  the  region  about  the  threshold  velocity  which  is  consistent  with  the  data 
reported  by  Orphal  et  al.  [4]  and  Orphal  [14]. 

There  is  an  implication  that  if  the  REP  integrity  as  a  penetrator  can  be  maintained,  then  total 
penetration  could  be  expected  to  reach  a  new  limit  beyond  the  customary  hydrodynamic  limit. 
Those  limits  are  estimated  to  be  somewhere  near  P/L  -=  3.5  for  AIN  at  an  impact  velocity  of 
6,000  m/s  and  P/L  -  5  for  aluminum  at  an  impact  velocity  of  5,000  m/s.  While  the  analysis 
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possibly  explains  the  large  total  penetration  observed  through  impact  velocities  included  in  the 
data  sets,  it  is  not  clear  that  such  high  P/L  values  can  actually  be  obtained. 

Calculations  for  total  penetration  in  AljOj  ceramic,  as  shown  in  Figure  6,  along  with  those  for 
primary  penetration  appear  to  bracket  the  data  at  high  impact  velocity.  However,  there  does  not 
appear  to  be  an  established  pattern  in  the  data  with  regard  to  any  threshold  condition  or  any 
significant  difference  between  primary  and  total  penetration  depths.  There  is  also  somewhat 
more  variation  in  the  data,  which  makes  the  analysis  difficult.  The  data  suggest  that  AI2O3 
ceramic  does  not  follow  the  same  trend  as  other  materials  examined,  but  the  differences  in 
responses  are  not  understood.  However,  it  is  believed  that  the  very  deep  penetrations  reported 
can  only  occur  under  conditions  where  the  ceramic  strength  has  been  degraded  significantly  and 
perhaps  additional  effects,  yet  to  be  identified,  are  present. 

6.  SUMMARY  AND  CONCLUSIONS 

The  analyses  conducted  in  this  study  provide  several  interpretations  for  the  experimental 
observations  of  pure  tungsten  rods  penetrating  low-density  materials.  One  result  confirms  that 
the  constant  or  near  constant  penetration  rates  observed  are  a  consequence  of  the  high  impact 
velocities  considered  (above  2,000  m/s)  in  combination  with  target  materials  that  have  low  initial 
strength  (aluminum)  or  those  whose  initial  strength  is  high  but  reduced  during  the  penetration 
process  (ceramic).  Targets  with  low  strength  will  tend  toward  hydrodynamic  penetration  rates 
while  those  with  initially  high  strength  will  have  a  significantly  lower  penetration  rate.  For  target 
materials  with  initially  high  strength  that  become  comminuted  during  penetration,  the  penetration 
process  becomes  governed  by  friction.  The  dynamics  of  this  condition  suggest  a  real  possibility 
that  penetration  depths  may  never  reach  hydrodynamic  levels,  even  at  very  high  impact 
velocities.  Thus,  it  follows  that  primary  penetration  in  many  ceramics  will  necessarily  be  less 
than  hydrodynamic  levels. 

Penetration  by  rod  erosion  products  was  explored  as  a  possible  explanation  for  additional  and 
very  high  penetrations  observed  in  the  ceramics  and  also  aluminum.  The  analysis  provided  mass 
and  velocity  distributions  for  the  erosion  products  and  these  served  as  a  basis  for  estimating 
additional  or  secondary  penetration  possibilities.  Results  were  obtained  for  rod-like  behavior  by 
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the  erosion  products.  Under  such  conditions,  the  analysis  provided  results  that  were  in  very  good 
agreement  with  three  features  of  the  experimental  data  for  AIN  ceramic  and  aluminum  target 
materials.  These  features  included  the  onset  of  secondary  penetration  at  an  impact  velocity  of 
about  2,000  m/s  by  the  initial  rod,  a  near  linear  increase  in  total  penetration  over  an  impact 
velocity  range  of  from  2,000  m/s  to  4,000  m/s,  and  reasonable  values  for  the  magnitudes  of 
secondary  penetration.  The  analysis  bounded  the  experimental  results  for  AI2O3  at  high  velocity 
but  was  unable  to  explain  differences  in  its  behavior  relative  to  the  other  materials. 
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DTIC  DDA 

8725  JOHN  J  KINGMAN  RD 
STE0944 

FT  BELVOIR  VA  22060-6218 

1  HQDA 

DAMOFDQ 
DENNIS  SCHMIDT 
400  ARMY  PENTAGON 
WASHINGTON  DC  20310-0460 

1  CECOM 

SP  &  TRRSTRL  COMMCTN  DIV 
AMSELRDSTMCM 
H  SOICHER 

FT  MONMOUTH  NJ  07703-5203 

1  PRINDPTYFORTCHNLGYHQ 
US  ARMY  MATCOM 
AMCDCG  T 
MFISETTE 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

1  PRINDPTYFORACQUSTNHQS 
US  ARMY  MATCOM 
AMCDCG  A 
D  ADAMS 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

1  DPTY  CG  FOR  RDE  HQS 

US  ARMY  MATCOM 
AMCRD 

BG  BEAUCHAMP 

5001  EISENHOWER  AVE 

ALEXANDRIA  VA  22333-0001 

1  DPTY  ASSIST  SCY  FOR  R&T 

SARDTT  TKILUON 
THE  PENTAGON 
WASHINGTON  DC  20310-0103 

1  OSD 

OUSD(A&T)/ODDDR&E(R) 

JLUPO 

THE  PENTAGON 
WASHINGTON  DC  20301-7100 


1  INST  FOR  ADVNCD  TCHNLGY 
THE  UNIV  OF  TEXAS  AT  AUSTIN 
PO  BOX  202797 
AUSTIN  TX  78720-2797 

1  DUSD  SPACE 

1E765  JGMCNEFF 

3900  DEFENSE  PENTAGON 

WASHINGTON  DC  20301-3900 

1  USAASA 

MOASAI  WPARRON 
9325  GUNSTON  RD  STE  N319 
FT  BELVOIR  VA  22060-5582 

1  CECOM 

PM  GPS  COLS  YOUNG 
FT  MONMOUTH  NJ  07703 

1  GPS  JOINT  PROG  OFC  DIR 
COL J CLAY 

2435  VELA  WAY  STE  1613 
LOS  ANGELES  AFB  CA  90245-5500 

1  ELECTRONIC  SYS  DIV  DIR 
CECOM  RDEC 
JNIEMELA 

FT  MONMOUTH  NJ  07703 

3  DARPA 
L  STOTTS 
JPENNELLA 
BKASPAR 
3701  N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 

1  SPCL  ASST  TO  WING  CMNDR 
50SW/CCX 

CAPT  PH  BERNSTEIN 
300  O'MALLEY  AVE  STE  20 
FALCON  AFB  CO  80912-3020 

1  USAF  SMC/CED 
DMA/JPO 
MISON 

2435  VELA  WAY  STE  1613 
LOS  ANGELES  AFB  CA 
90245-5500 
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1  US  MILITARY  ACADEMY 

MATH  SCI  CTR  OF  EXCELLENCE 
DEPT  OF  MATHEMATICAL  SCI 
MDN  A  MAJ  DON  ENGEN 
THAYER  HALL 
WEST  POINT  NY  10996-1786 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRLCS  ALTP 
2800  POWDER  MILL  RD 
ADELPHIMD  20783-1 145 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  CS  AL  TA 
2800  POWDER  MILL  RD 
ADELPHI MD  20783-1 145 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  Cl  LL 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1 145 


ABERDEEN  PROVING  GROUND 

3  DIR  USARL 

AMSRL  Cl  LP  (305) 


NO.  OF 

COPTES  ORGANTZATTON 

3  DIRDARPA 

LTCRK0CHER(3CPS) 

3701  N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 

1  HQ  DEPT  OF  THE  ARMY 
SARD  TR  R  CHATT 
PENTAGON 

WASHINGTON  DC  20310-0103 

2  CDR  US  ARMY  MRDEC 
AMSMIRDSTWF 

D  LOVELACE 
M  SCHEXNAYER 
REDSTON  ARSENAL  AL 
34898-5250 

6  CDR  US  ARMY  TACOM 
AMSTAARTR 
TFURMANIAK 
S  GOODMAN 
D  HANSEN 
MMINNICK 
D  THOMAS 
J  THOMPSON 
WARREN  MI  48397-5000 

6  CDR  US  ARMY  ARDEC 

AMSTAARAAEW 
J  PEARSON 
TECH  LIBRARY 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  CDR  US  ARMY  ARDEC 

AMSTAARAETM 
MHESPOS 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  PM  TANK  MAIN  ARMNT 
SYSTEMS 
SSAE  AR  TMA  MT 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  PM  SURVIVABIUTY  SYS 
SFAE  ASM  SS  T  T  DEAN 
WARREN  MI  48397-5000 


NO.  OF 

COPTES  ORGANIZATION 

2  CDR  US  ARMY  RESEARCH  OFHCE 
J  BAILEY 
KIYER 
POBOX  12211 

RESEARCH  TRIANGLE  PARK  NC 
27709-2211 

1  CDR  EUROPEAN  RSCH  OFC 

USARDSG  (UK) 

RREICHENBACH 
PSC  802  BOX  15 
FPO  AE  09499-1500 

1  CHOP  NAVAL  RSCH 
OFC  OF  NAVAL  TECH 
A  J  FAULSDITCH 
ONT23 

BALLSTON  TOWERS 
ARLINGTON  VA  22217 

2  CDR  NGIC 
J  CRIDER 
WMARLEY 

220  SEVENTH  AVE 
CHARLOTTESVILLE  VA  22901-5391 

2  NAVAL  RESEARCH  LABORATORY 
A  E  WILLIAMS  CODE  6684 
4555  OVERLOOK  AVE  SW 
DR  R  BADALIANCE  CODE  6380 
WASHINGTON  DC  20375-5343 

1  NAVAL  POST  GRADUATE  SCHOOL 
J  STERNBERG  CODE  EW 
MONTEREY  CA  93943 

1  NAVAL  WPNSCTR 
TECH  LIBRARY 
CHINA  LAKE  CA  93555 

5  NAVAL  SURFACE  WARFARE 

CENTER 
D  DICKINSON 
E  ROWE  JR 
B  SMITH 
VGEHMAN 
TECHNICAL  LIBRARY 
DAHLGREN  DIVISION 
DAHLGRENVA  22448 
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4  CDR  NSWC 

R  GARRETT  R  12 

J  FOLTZ  R  32 

H  DEJARNETTE  R  32 

TECH  LIBRARY 

10901  NEW  HAMPSHIRE  AVE 

SEVER  SPRING  MD 

20903-5000 

1  OFHCE  OF  NAVAL  RES  332 

J KELLY 

800  NORTH  QUINCEY  ST 
ARLINGTON  VA  2217-5000 

1  NUSC  NEWPORT 

S  DICKENSON  CODE  8214 
NEWPORT  RI 02841 

1  NAVAL  POST  GRAD  SCHOOL 
J  STERNBERG  CODE  EW 
MONTEREY  CA  93943 

4  AIR  FORCE  ARMAMENT  LAB 
AFATL  DUW  W  COOK 

J  FOSTER 

TECHNICAL  LIBRARY 
W DRESS 

EGLINAFB  IE  32542 

2  WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 
WL/MLBM 

DR  SL  DONALDSON 

WI7MLLN 

DR  A  KATZ 

WRIGHT  PATTERSON  AFB  OH 
45433-7750 

5  DIRLANL 

F  ADDESSIO 
DMANDELL 
C  WINGATE 
L  SCHWALBE 
M BURKETT 
LOS  ALAMOS  NM  87545 


NO.  OF 

COPIES  ORGANIZATION 

3  DIRLLNL 

EJCHAPYAKMSF664 
J  V  REPA  MS  A133 
M  O  SCHNICK  MS  F607 
PO  BOX  1663 
LOS  ALAMOS  NM  87545 

5  DIR  LLNL 

R  GOGOLEWSKI  MS  L290 
C  CLINE 

R  LANDINGHAM  L369 
J  REAUGH  L32 
D  STEINBERG 
PO  BOX  808 
LIVERMORE  CA  94550 

7  DIR  SANDIA  NATL  LABS 
J  ASAY  MS  0458 
D GRADY 
EHERTELJR 
R  BRANNON  MS  0820 
L  CHABILDAS  MS  0821 
D  CRAWFORD  ORG  0821 
MFORRESTALDTV  1551 
PO  BOX  5800 

ALBUQUERQUE  NM  87185-0307 

1  CIA 

OSWR  DSD  W  WALTMAN 
ROOM5P0110NHB 
WASHINGTON  DC  20505 

2  BROWN  UNIV 

DIV  OF  ENGINEERING 
R  CLIFTON 
SSUNDARAM 
PROVIDENCE  RI  02912 

5  DEPARTMENT  OF 

METALLURGICAL  AND 
MATERIALS  ENGINEERING 
LMURR(5CPS) 

THE  UNIVERSITY  OF  TEXAS 
AT  EL  PASO 
EL  PASO  TX  79968 
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6 


7 


3 


2 


3 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


INST  OF  ADVANCED  TECH 
S BLESS 
HFAIR 
TKIEHNE 
D  LITTLEFIELD 
M  NORMANDIA 
R  SUBRAMANIAN 
PO  BOX  202797 
AUSTIN  TX  78720-2797 

THE  PENNSYLVANIA  STATE 

UNIVERSITY 

T  KRAUTHAMMER 

J  CONWAY 

RQUEENEY 

N  SALAMON 

R ENGEL 

M  AMATEAU 

APYTEL 

COLLEGE  OF  ENGINEERING 
UNIVERSITY  PARK  PA 
16802 

SOUTHWEST  RESEARCH  INST 

C  ANDERSON 

JRIEGEL 

J  WALKER 

PO  DRAWER  28510 

SAN  ANTONIO  TX  78284 


2  AERONAUTICAL  RSCH  ASSOC 
R  CONTILIANO 

J  WALKER 
50  WASHINGTON  RD 
PRINCETON  NJ  08540 

3  ALLIANT  TECHSYSTEMS  INC 
THOLMQUIST 

C  LOPATIN 
G JOHNSON 

600  SECOND  STREET  NE 
HOPKINS  MN  55343 

1  ALME  AND  ASSOC 
MALME 

6219  BRIGHT  PLUME 
COLUMBIA  MD  21044-3790 

3  APPLIED  RESEARCH  ASSOC  INC 
J  D  YATTEAU 
RRECHT 
GRECHT 

5941  S  MIDDLEFIELD  RD  SUITE  100 
UTTLETON  CO  80123 

1  APPLIED  RESEARCH  ASSOC  INC 
D GRADY 

4300  SAN  MATEO  BLVD  NE  STE  A  220 
ALBUQUERQUE  NM  871 10 


UNIV  OF  CA  SAN  DIEGO 
DEPT  OF  APPL  MECH  &  ENGR 
SVCSROll 
S  NEMAT  NASSER 
M  MEYERS 

LA  JOLLA  CA  92093-041 1 

UNTV  OF  DAYTON  RSCH  INST 

KLA14 

NBRAR 

D GROVE 

APIEKUTOWSKI 

300  COLLEGE  PARK 

DAYTON  OH  45469-0182 

ADELMAN  ASSOCIATES 

CCUNE 

MWILKENS 

3301  EL  AMINO  RIAL  STE  280 
ATHERTA  CA  94027 


2  BATTELLE  EDGEWOOD 

ARICCHIAZZI 
LHERR 

2113  EMMORTON  PARK  RD 
EDGEWOOD  MD  21040 

1  BRIGS  CO 

JEBACKOFEN 

2668  PETERSBOROUGH  ST 

HERNDON  VA  22071-2443 

1  CALKINS  R&D  INC 

N  CALKINS 
515  SEWARD  PKAVE 
ALBUQUERQUE  NM  87123 

1  THE  CARBORUNDUM  CO 
RPALIA 
PO  BOX  1054 

NIAGARA  FALLS  NY  19302 
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NO.  OF 

COPIES  ORGANIZATION 


1  CENTURY  DYNAMICS  INC 
NBIRNBAUM 

2333  SAN  RAMON  VALLEY  BLVD 
SAN  RAMON  CA  94583-1613 

3  CERCOM  INC 
AEZIS 

G  NELSON 
RPALICKA 
1960  WATSON  WAY 
VISTA  CA  92083 

1  COORS  CERAMIC  CO 
STRUCTURAL  DIV 
600  NINTH  ST 
GOLDEN  CO  80401 

1  CORNING  INC 
S  HAGG  SP  DV  22 
CORNING  NY  14831 

1  CYPRESS  INTERNATIONAL 
A  CAPONECCHI 
1201  E  ABINGDON  DR 
ALEXANDRIA  VA  223 14 

4  DOW  CHEMICAL  INC 
ORDNANCE  SYSTEMS 
K  EPSTEIN 
CHANEY 

A  HART 
BRAFANIELLO 
800  BUILDING 
MIDLAND  MI  48667 

1  DUPONT  ADVANCE  FIBERS 
SYSTEMS 
B  SCOTT 

SPRUANCE  PLANT 
PO  BOX  27001 
RICHMOND  VA  23261 

1  EPSTEIN  AND  ASSOC 
K  EPSTEIN 

2716  WEMBERLY  DRIVE 
BELMONT  CA  94002 


2  GENERAL  RESEARCH  CORP 
A  CHARTERS 

TMENNA 
PO  BOX  6770 
SANTA  BARBARA  CA 
93160-6770 

1  GEORGIA  INST  OF  TECHNLOGY 

K LOGAN 

ATLANTA  GA  30332-0245 

1  INTERNATNL  RSCH  ASSOC 
DORPHAL 
4450  BLACK  AVENUE 
PLEASANTON  CA  94566 

1  JET  PROPULSION  LABORATORY 

MADAMS 

IMPACT  PHYSICS  GROUP 
4800  OAK  GROVE  DRIVE 
PASADENA  CA  91109-8099 

1  KAMAN  SCIENCES  CORP 
D BARNETTE 

1500  GARDEN  OF  THE  GODS  RD 
COLORADO  SPRINGS  CO  80907 

1  KERAMONTCORP 
E  SAVRUN 

423 1  S  FREEMONT  AVE 
TUSCONAZ  85714 

3  LANXIDE  ARMOR  PRODUCTS 
BFRANZEN 

K  LEIGHTON 
R  WOLFE 

1300  MARROWS  RD 
NEWARK  DE  19714-6077 

3  O’GARA  HESS  &  EISENHARDT 

G ALLEN 
D  MALONE 
T  RUSSEL 
91 13  LE  SAINT  DR 
FAIRFIELD  OH  45014 
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4  POULTER  LABORATORY 
SRI  INTERNATIONAL 
D CURRAN 
RKLOOP 
L  SEAMAN 
D  SHOCKEY 
333  RAVENSWOOD  AVE 
MENLO  PARK  CA  94025 

1  SAIC 

J  FURLONG  MS  264 
1710GOODRIDGEDR 
MCLEAN  VA  22102 

3  SIMULA  INC 
G GRACE 
RHUYETT 
GYANIU 

10016  SOUTH  5 1ST  STREET 
PHOENIX  AZ  85044 

4  UNITED  DEFENSE  LP 
VHORVATICH 

M  MIDDIONE 
J  MORROW 
RRAJAGOPAL 
PO  BOX  359 

SANTA  CLARA  CA  95052-0359 

1  UNITED  DEFENSE  LP 
J  JOHNSON 
PO  BOX  15512 
YORK  PA  17405-1512 

1  ZERNOW  TECH  SVCS  INC 

LZERNOW 

425  W  BONITA  AVE  SUITE  208 
SAN  DIMAS  CA  91773 

1  RJEICHELBERGER 

409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

1  B  EINSTEN 

1212  MORNINGSIDE  WAY 
VENICE  CA  90297 

1  B  SKAGGS 

RT11BOX81E 
SANTA  FENM  87501 


NO.  OF 

COPIES  ORGANIZATION 

2  AMERICAN  EMBASSY  BONN 
COL  BALD 
DR  R  ROBINSON 
UNIT  21701  BOX  165 
APO  AE  09080 

1  NEW  MEXICO  TECH 
DEMARY 
TERA  GROUP 
SOCORRO  NM  87801 

1  DEFENSE  NUCLEAR  AGENCY 
TECH  LIBRARY 
6801  TELEGRAPH  RD 
ALEXANDRIA  VA  22192 

1  JET  PROPULSION  LAB 
MADAMS 

IMPACT  PHYSICS  GROUP 
4800  OAK  GROVE  DR 
PASADENA  CA  91 109-8099 

1  UNTV  OF  DAYTON 

R  HOFFMAN 
300  COLLEGE  PARK 
DAYTON  OH  45469 

1  CA  RSCH  &  TECH  CORP 
ROBERT  BROWN 
51 17  JOHNSON  DR 
PLEASONTON  CA  94566 

1  ROCKWELL  INTL  ROCKETDYNE 
DIV 

J  MOLDENHAUER 
6633  CANOGA  AVE  HB  23 
CANOGA  PK  CA  91303 

2  ALLIED  SIGNAL 
LLIN 
POBOX31 

PETERSBURG  VA  23804 

1  MCDONNELL  DOUGLAS 
HELICOPTER 
LRBIRD 
MS  543  D216 
5000  E  MCDOWELL  RD 
MESA  AZ  85205 


27 


NO.  OF 

CQPffiS  ORGANIZATION 

1  AEROJET  PRECISION  WPNS 

DEPT  5131  TW 
JOSEPH  CARLEONE 
llOOHOLLYVALE 
AZUSA  CA  91702 

1  PHYSICS  INTL 

JIM  COFFENBERRY 
2700  MERCED  ST 
PO  BOX  5010 
SAN  I^ANDRO  CA  94577 

1  BOEING  CORP 

TM  MURRAY  MS  84  84 
PO  BOX  3999 
SEATTLE  WA  98 124 

1  NUCLEAR  METALS  INC 
R  QUINN 
2229  MAIN  ST 
CONCORD  MA  01742 

3  DYNA  EAST  CORP 
P  C  CHOU 
R  CICCARELLI 
WFUS 

3201  ARCH  ST 
PHILADELPHIA  PA  19104 

1  S CUBED 

R  SEDGWICK 
POBOX  1620 
LA  JOLLA  CA  92038-1620 

1  ORLANDO  TECH  INC 

D  MATUSKA 
J  OSBORN 
PO  BOX  855 
SHALIMARFL  32579 

1  LIVERMORE  SOFTWARE 
TECH  CORP 
JOHN  O  HALLQUIST 
2876  WAVERLY  WAY 
LIVERMORE  CA  94550 


NO.  OF 

COPIES  ORGANIZATION 

2  MARTIN  MARIETTA  MISSILE 
SYSTEMS 

C  E  HAMMOND  MP  004 
LWILLIAMSMP  126 
PO  BOX  555837 
ORLANDO  FL  32855-5837 

1  BATTELLE 
DALETROTT 
505  KING  AVE 
COLOUMBUS  OH  43201 

1  ZERNOW  TECH  SVCS  INC 

LOTUS  ZERNOW 
425  W  BONITA  AVE 
SUITE  208 

SAN  DIMAS  CA  91773 

1  OLINFUNCHBAUGHDIV 
RALFCAMPOLI 
200  E  HIGH  ST 
PO  BOX  127 
REDUONPA  17356 

1  EIDUPONTCO 

OSWALD  BERGMANN 
BRANDYWINE  BLDG  RM  12204 
WILMINGTON  DE  19898 

1  BRIGGS  CO 

J  BACKOFEN 
2668  PETERBOROUGH  ST 
HERNDON  VA  22071 

1  SCHWARZKOPFF  TECH  CORP 

EKOSINISKI 
35  JEFFREY  AVE 
HOLLISTON  MA  01746 

1  PRIMEX  CORP 

D  EDMONDS 
10101  9TH  ST  N 
ST  PETERSBURG  FL  33716 

1  RAYTHEON  CO 

RILOYD 
PO  BOX  1201 
TEWKSBURY  MA  01876 
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NO.  OF 

COPIES  ORGANTZATTON 

1  INGALLS  SHIPBUILDING 
CBIOl 

MR  P  GREGORY 
PO  BOX  149 

PASCAGOULA  MS  39567 

4  UNITED  DEFENSE  LP 

V  HORVATICH 
RRAJAGOPAL 
M  MIDDIONE 
J  MARROW 
PO  BOX  359 

SANTA  CLARA  CA  95052-0359 

1  ADELMAN  ASSOC 
C  CLINE 

3301  EL  AMINO  RIAL 
SUITE  280 
ATHERTA  CA  94027 

4  GDLS 

W BURKE 
JERIDON 
W  HERMAN 
P  CAMPBELL 
PO  BOX  2094 
WARREN  MI  48090 

ABERDEEN  PROVING  GROUND 

112  DmUSARL 

AMSRLWMT, 

W  MORRISON 
AMSRLWMTA, 

WBRUCHEY 
S.  BILYK 
WGILUCH 
T HAVEL 
E  HORWATH 
Y HUANG 
H  MEYER 
EJRAPACKI 
N  RUPERT  (25  CPS) 


NO.  OF 

COPIES  ORGANIZATION 

AMSRLWMTC, 

W  S  DE  ROSSET 
F  GRACE  (25  CPS) 
KKIMSEY 
M  LAMPSON 
W  LEONARD 
LMAGNESS 
DSCHEFFLER 
GSILSBY 
R  SUMMERS 
W  WALTERS 
A  COOPLAND 
AMSRLWMTD, 

AM  DIETRICH 
TFARRAND 
KFRANK 
A  GUPTA 
P  KINGMAN 
MRAFTENBERG 
M  SCHEIDLER 
S  SEGLETES 
J  WALTER 
T  WRIGHT 

AMSRL  WM  WD,  A  NIILER 
AMSRLWMM, 

D  VIECHNICKI 
J  McCAULEY 
AMSRL  WMMC 
MCHEN 
GGILDE 
PHAUNG 
T  HYNES 
JSWAB 
JWELLS 
JLaSALVIA 
AMSRL  WMMF 
S  CHOU  (16  CPS) 
DDANDEKAR 
RRAJENDRAN 
AMSRL  WM  ME 
MSTAKER 
R ADLER 
AMSRL  WMMD 
WROY 
R  DOWDING 
AMSRL  WM  MB 
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NO.  OF 
COPIES 

9 


1 


1 


1 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


AERONAUTICAL  &  MARITIME 

RESEARCH  LABORATORY 

NBURMAN 

G  WESTON 

M  CHICK 

AMOURTTZ 

E  GELLERT 

SPATTIE 

RJ  CHESTER 

J  DIMAS 

S  CIMPOERU 

DPAUL 

PO  BOX  4331 

MELBOURNE  VIC  3001 

AUSTRALIA 

ATSl  LOGISTICS  SYSTEMS 
AGENCY 
RAAF  WILLIAMS 
LAVERTON  3027 
AUSTRALIA 

BATTELLE 

INGENIEURTECHNIK  GMBH 
WFUCKE 

DUESSELDORFFER  STR  9 
ESCHBORN  D  65760 
GERMANY 


5  CENTRE  D’ETUDES  GRAMAT 
J  CAGNOUX 
CGALUC 
MCAURET 
P  CHARTAGNAC 
JTRANCHET 
GRAMAT  465CX) 

FRANCE 

7  CENTRE  DE  RECHERCHES 

ET  D’ETUDES  D’ARCUEIL 
D  BOUVART 
C  DENOUAL 
C  COTIENNOT 
S  JONNEAUX 
HORSINI 
SSERROR 
FTARDIVAL 

16  BIS  AVENUE  PRIEUR  DE  LA 
COTED’OR 

F  941 14  ARCUEIL  C^DEX 
FRANCE 

1  CONDAT 
JKIERMEIR 
MAXILLANSTR  28 
8069  SCHEYERN  FERNHAG 
GERMANY 


CARLOS  m  UNIV  OF  MADRID 

C  NAVARRO 

ESCUELA  POLITEENICA 

SUPERIOR 

a.  BUTARQUE  15 

28911  LEGANES  MADRID 

SPAIN 


DEFENCE  TECH  &  PROCUREMENT  AGCY 

GLAUBE 

WODERMATT 

BALUSUCS  WPNS  &  COMBAT  VEHICLE 

TESTCTR 

CH  3602  THUN 

SWITZERLAND 


CELSIUS  MATERIALTEKNIK 

KARLSKOGA  AB 

LHELLNER 

S691  80  KARLSKOGA 

SWEDEN 


4  DEFENCE  RESEARCH  AGENCY 
T BARTON 
P CHURCH 
ICULUS 
MJ  HINTON 

FORT  HALSTEAD  SEVENOAKS 

KENTTN147BP 

UNTIED  KINGDOM 
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NO.  OF 

COPTES  ORGANTZATION 


NO.  OF 

copres  ORGANIZATION 


6  DEFENCE  RESEARCH  AGENCY 
W  CARSON 
I CROUCH 
CFREW 
T  HAWKINS 
B  JAMES 
B  SHRUBSALL 
CHOBHAM  LANE 
CHERTEY  SURREY  KT16  OEE 
UNITED  KINGDOM 

1  DEFENCE  RSCH  ESTAB  SUFFIELD 
C  WEICKERT 
BOX  4000  MEDICINE  HAT 
ALBERTA  TIA  8K6 
CANADA 

1  DEFENCE  RESEARCH  ESTAB 
VALCARTIER  (DREV) 

DR  D  NANDALL 
WEAPONS  SYSTEMS  DIVISION 
CP  8800  COURCELETTE 
PQ  GOA  IRO 
CANADA 

1  DEFENCE  SCIENTMC  ESTAB 
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